Context. While there has been extensive investigation of the dust emission in discs around young intermediate-mass or Herbig Ae/Be stars at a range of wavelengths, their gas content was systematically studied mainly via spatially unresolved (sub)millimetre observations of the rotational lines of 12 CO. Aims. We are interested in how the available low-J 12 CO spectra compare to the disc properties inferred from the dust emission, and to what extent the gas-and dust-emission approaches to disc modelling are complementary to each other. Methods. First, we use the disc structure derived from the spectral energy distribution (SED) modelling to produce the synthetic 12 CO J=3-2 spectra for a discrete sample of sources. We then compare these synthetic spectra to the observations, to test the existing disc models for each source. In our second approach, we study the dependence of the 12 CO J=3-2 spectrum on disc size, inclination and temperature, for discs around Herbig Ae/Be stars in general. We calculate the spectral line profiles for a grid of parametric disc models. The calculated spectra are compared to the spectra observed towards a large sample of sources. Both methods use a molecular excitation and radiative transfer code for the calculation of the 12 CO line emission. Results. SED models are insensitive to the parameters that dominate the low-J 12 CO emission, i.e., the disc size and orientation. To minimise some of the important parameter degeneracies, it is necessary to model a disc's SED with prior knowledge of the disc size and inclination. We show how the spectral profile of low-J 12 CO lines can be used to constrain these parameters, and to obtain disc models that are good starting points for the outside-in SED modelling of discs from long to shorter wavelengths. Conclusions. For the disc gas mass of the order of 0.01 M , the optically thick J=3-2 12 CO line intensity shows that the majority of discs around Herbig Ae/Be stars are smaller than 200 AU, and that the largest and brightest sources thoroughly studied with submillimetre interferometry are not representative of the sample.
Introduction
The physical processes that shape the circumstellar discs during their evolution ultimately determine the amount of material available, and the timescale for the planet formation. The dust grain growth and settling to the disc midplane are probed by the mid-infrared spectroscopy (Bouwman et al. 2001; van Boekel et al. 2003 ) and the spectral energy distribution (SED) from the near-infrared to millimetre wavelengths (Dullemond & Dominik 2004 . Disc modelling based on both SED and the midinfrared spectrum has thus developed, and very recently this approach is being combined with near-infrared and millimetre imaging and/or interferometry (Pinte et al. 2008; Tannirkulam et al. 2008) . However, the dust presents only a small percentage of the disc mass contained in molecular gas. Accretion, photoevaporation and photodissociation disperse the gas reservoir, and limit the timescale for gaseous planets to form. Due to these mechanisms the mass ratio between the gas and the dust is expected to decrease with time, as the disc structure dominated by the gas pressure gradients and rotation becomes flatter and gas and dust decoupled. The bulk of the disc gas is best traced via submillimeter emission lines of abundant molecular species like 12 CO and its isotopologues ( 13 CO, C 17 O, C 18 O) Mannings & Sargent 1997; Thi et al. 2001; Dent et al. 2005) . However, the main problem in determining the gas mass is the uncertainty in the gas phase abundance of 12 CO as this molecule is efficiently frozen onto dust grains at the low temperatures. Temperatures lower than 20 K are common in the dense midplane of discs around pre-main-sequence stars of spectral type M and K, and stellar mass <1 M (T Tauri stars). The intermediate-mass pre-main-sequence stars, referred to as Herbig Ae/Be stars, are surrounded by discs of gas and dust observationally similar to those around T Tauri stars (Mannings & Sargent 1997 Natta et al. 2000) . Due to the spectral type F to B of their central stars, these discs are warmer and provide an opportunity to overcome the uncertainty in the CO gas phase abundance, rendering CO a more reliable tracer of the entire disc. Motivated by the recent estimate of the gas-to-dust mass ratio (Panić et al. 2008 ) in a 200 AU disc around an A type star HD 169142 unaffected by freeze-out, we further explore the known gas-rich discs around Herbig Ae/Be stars. We aim to identify other sufficiently small and warm discs 'immune' to CO freeze-out, and establish whether these are statistically representative of the sample of known gas-rich discs around Herbig Ae/Be stars. Our comparative study of gas and dust content of the discs focuses on a sample of nine Herbig Ae/Be stars, listed in Table 1 , towards which the 12 CO J=3-2 line is firmly detected and associated with a circumstellar disc (Dent et al. 2005; Thi et al. 2001 Thi et al. , 2004 . The sources range from those with relatively weak 12 CO J=3-2 line emission, to some of the brightest and well known sources like HD 163296 and AB Aur (Isella et al. 2007 ; Piétu et al. 2005; Schreyer et al. 2008) . The spectral type spans from late F to late B. Our choice of these sources was guided by the availability of SED models of the disc physical stucture from Dominik et al. (2003) . In our study of the 12 CO J=3-2 line emission from discs around Herbig Ae/Be stars in general, we use our observations of HD 100546 and the data for 21 sources from Dent et al. (2005) in which this line was detected (>2σ). Dent et al. (2005) carried out the largest search for gas in discs around young Herbig Ae/Be stars so far. Their full target list of 59 young stars includes the Malfait et al. (1998) sample of isolated Herbig Ae/Be stars with IR excess due to circumstellar dust. The 21 sources we use here are a subset biased towards the sources with stronger 12 CO emission. Any discs with low amounts of gas that may have been missed in this way do not affect the conclusions of our study.
We investigate the physical disc properties, primarily the size and temperature, that can be constrained by the 12 CO low-J spectral line profiles, as well as the disc inclination, as an important parameter in disc modelling. Single dish observations of the 12 CO J=3-2 line from the literature are complemented with our JCMT 12 CO J=2-1 line observations presented in Sect. 2. The 12 CO J=3-2 observations are used in Sect. 3 to test the structure proposed by the existing SED-based disc models for nine Herbig Ae/Be stars. A molecular excitation and radiative transfer code was used to calculate the emission from the disc model structure, which is then compared to the observations. We find that the SED modelling without a prior knowledge of disc size and inclination tends to produce models that are incompatible with the observed submillimetre line emission, often underestimating the disc size. In Sect. 4 we calculate the 12 CO J=3-2 emission using a grid of simple parametric disc models, with disc size and inclination as free parameters. We find that our model results predict the observed spread in integrated intensity and line-width, as well as the lack of strong and wide lines in a larger sample of Herbig Ae/Be discs. Although the number of known discs with weak low-J 12 CO lines is limited by sensitivity of the instruments, the small discs (<200 AU) are clearly more frequent than the large ones. We discuss the implications of our parametric models for the particular sources in our sample, and find that the results of our simple models compare well to the size and inclination measured by the interferometric submillimeter, near-infrared and/or mid-infrared observations already available for some of these sources. Section 5 summarises our results and conclusions and outlines the future prospects.
Observations and Results
We observed the 12 CO J=2-1 line toward the sources HD 135344, HD 179218, HD 142666, HD 139614 and V892 Tau using the James Clerk Maxwell Telescope (JCMT) and the 12 CO J=3-2 line toward HD 100546 using the Atacama Pathfinder Experiment (APEX) telescope.
The observations of the 12 CO J=2-1 line, at the rest frequency of 230.538 GHz, were carried out using the heterodyne receiver RxA3 on the JCMT. The JCMT beam size at 230 GHz is 21 and beam efficiency 0.9. The integration times were approximately 20-30 minutes on-source. The data were obtained in 2008 September under good weather conditions, with the atmospheric opacity τ 230GHz ≈0.2. Figure 2 shows the JCMT observations towards the remaining four sources. The rms level of the 12 CO J=2-1 line spectra is 50-70 mK for V892 Tau and HD 142666, 90-100 mK for HD 135344, HD 139614 and HD 179218 in 31 kHz channels (0.027 km s −1 ). All sources, except V892 Tau, have been previously identified as isolated stars with no proximity to extended cloud material. We took two 30 offset measurements, one to the East and the other to the South of V892 Tau and find that the line is dominated by extended cloud emission (See also Thi 2002) . Figure 2 shows the spectra taken in the direction of the source and the offset positions. As a follow-up, the environment of V892 Tau is studied using HARP mapping towards V892 Tau (see Appendix for details).
The observations of the 12 CO J=3-2 line at 345.796 GHz towards HD 100546 were carried out using APEX on 2005 July 27, with the integration time of 15 minutes and the atmospheric opacity τ 230 GHz =0.2. The rms level obtained is 120 mK in 61 kHz channels (0.053 km s −1 ). The APEX beam efficiency at 345 GHz is 0.73.
In this paper, we extensively use the 12 CO J=3-2 observations taken previously with the JCMT, and presented in Dent et al. (2005) .
2.1. Gas and dust submillimetre emision towards the source sample Table 1 lists our sources and their interferometric 1.3 mm fluxes from the literature. Considering the fact that the distance to the sources ranges from 84 pc for HD 135344 to 240 pc for HD 179218, the continuum measurements do not differ greatly from one source to another. Using the continuum fluxes we obtain dust mass estimates for the discs in our sample, valid under assumption that the 1.3 mm emission is optically thin. To calculate the disc masses we assume the temperature of the discs to be in the range 30-40 K, as in the disc midplane for Herbig AeBe stars in the irradiated accretion disc models of D' Alessio et al. (2005) at 100-200 AU from the star. While the assumption of a single temperature introduces an error of 20-50% in our dust mass estimates, they are dominated by the highly uncertain dust millimetre emissivity in circumstellar discs. We adopt the dust emissivity at 1.3 mm of 2 cm 2 g −1
(emissivity is expressed per gram of dust throughout the paper). The emissivity we adopt is at the high end of the range suggested by Draine (2006) and can be as low as 0.1 cm 2 g −1 , depending on the dust size and composition. Thus the estimates we provide can be considered as rough lower limits on dust mass.
The resulting dust masses are listed in Table 1 and are in the range of 0.4-6.9×10 −4 M . Adopting a gas-to-dust mass ratio f g/d =100 this translates to total disc masses M disc =M dust f g/d of roughly 10 −3 -10 −1 M , similar to the results of Beckwith et al. (1990) for discs around T Tauri stars.
The integrated intensities of the 12 CO lines we observed are shown in boldface in Table 2 alongside the values taken from the literature (Dent et al. 2005; Raman et al. 2006; Panić et al. 2008; Isella et al. 2007; Piétu et al. 2005) . We detect the 12 CO J=2-1 line from HD 142666, HD 139614, and V892 Tau, and the 12 CO J=3-2 line from HD 100546, but obtain only upper limits from 12 CO J=2-1 observations of HD 179218. Our observations towards HD 135344 are excluded from the analysis due to the wrong pointing coordinates. The 12 CO J=3-2 integrated line intensities range from several to tenths of K km s −1 as seen in Table 2 (except for HD 100546, values are taken from Dent et al. 2005) . The strong sources HD 100546 and HD 163296 are also at the high end of estimated disc masses, while the weak sources HD 135344 and HD 142666 correspond to discs with masses close to 1×10 −2 M . The disc around AB Aur, in spite of the modest mass estimated from the dust continuum shows the strongest 12 CO J=3-2 line of 13.67 K km s −1 (calculated from Thi et al. (2001)). Some of this emission is arising from the surrounding envelope (Nakajima & Golimowski 1995; Thi et al. 2001; Schreyer et al. 2008; Semenov et al. 2005) .
For the J=3-2 and J=2-1 lines arising from the range of temperatures and densities typically found in discs we expect similar intrinsic intensities (calculations done using RADEX online tool van der Tak et al. 2007 ). The ratio between the 12 CO J=3-2 and J=2-1 integrated line intensities as observed with the JCMT is expected to be close to two. This ratio is dominated by the beam dilution, which scales with the square of the beam size. The observed integrated intensities of both lines are listed in Table 2 , and their ratio shows that five of the sources are consistent with the expected ratio of two. One of the exceptions is V892 Tau, which shows excess 12 CO J=2-1 line flux. This is due to the surrounding cloud material heavily contributing to the 12 CO line emission in spatially unresolved single dish observations. The strong ambient emission around V892 Tau is confirmed in observations of the offset positions and mapping of the region with HARP (see Appendix for details). For this reason we exclude V892 Tau from the further analysis. The source HD 179218 has an upper limit on the 12 CO J=2-1 line flux several times lower than the fluxes expected based on the J=3-2 line flux. This results in large line ratio of 6, indicating that the 12 CO J=3-2 emission toward this source is likely dominated by optically thin molecular gas at a higher temperature regime than found in discs (several hundreds of Kelvin). Dominik et al. (2003) , and references therein. b Binary system with two B8 V stars with total mass of 5.5 M (Smith et al. 2005; Palla & Stahler 1993; Monnier et al. 2008 ). c Mannings & Sargent (1997) , unless noted otherwise. d Raman et al. (2006) . Table 1 . Stellar properties a and the derived dust mass of the discs. Table 2 . Observed 12 CO J=3-2 and J=2-1 line integrated intensities and full width at half-maximum. Calculated values for the J=3-2 line based on the SED-fitting disc model. 
Comparison to the SED-based disc models
The SEDs of our sources were fitted by Dominik et al. (2003) using a disc structure based on the flaring passive disc model of Chiang & Goldreich (1997) . Modifications to the original Chiang & Goldreich (1997) models and the detailed disc parameters used in the fit can be found in Dominik et al. (2003) (see their Table 3) while our Table 3 lists the model parameters of direct relevance for the 12 CO lines. The disc masses span from 0.01 to 0.1 M and outer radii from 10 AU to 800 AU.
With the help of the molecular excitation and radiative transfer code RATRAN (Hogerheijde & van der Tak 2000) , we calculate the 12 CO J=2-1 and J=3-2 line emission from the SED disc models, assuming a standard gas-to-dust mass ratio of 100:1. In our calculations we neglect the contribution of the hot disc surface layer because of the low density at the disc surface and efficient 12 CO photodissociation. Therefore the disc is vertically isothermal and the temperature corresponds to the disc midplane temperature as used in Dominik et al. (2003) . The disc temperature is well above the CO freeze-out temperature of 20 K in all the models except for the HD 135344 disc model beyond 400 AU from the star. For simplicity, we neglect any possible effect of freeze out on the 12 CO abundance in our analysis, and adopt a constant 12 CO abundance of 10 −4 with respect to H 2 . The effect of microturbulence is included with the equivalent line-width of 0.16 km s −1 . Each calculated spectrum is convolved with the JCMT beam of the corresponding size, using the Miriad software package (Sault et al. 1995) .
Columns 2 and 5 in Table 2 show the resulting integrated intensity and full width at half-maximum (FWHM) of the 12 CO J=3-2 line. In comparison with the observed spectra, the modelled spectra of most sources underestimate the observed integrated intensities. This is especially pronounced for the discs with assumed outer radii of 10-50 AU, as HD 142666, HD 179218 and HD 163296. The width of the modelled lines for HD 142666 and HD 163296 significantly exceeds the observations, supporting the argument for a larger outer radius than assumed in the SED modelling. The reason is that in a small disc, the material dominating the line emission rotates at relatively large velocities, and thus produces very wide spectral profiles, with FWHM roughly 10-20 km s −1 , while a large disc has significant contribution from the slowly rotating material at large distances from the star. As mentioned, the SED is most sensitive to the region of a few tens of AU from the star. While the SED fitting is a valuable method to derive disc structure and temperature, when it is done without including the constraints on the disc size and inclination, the regions beyond 50 AU may not be accurately decribed. Some sources are modelled with a radially increasing surface density in Dominik et al. (2003) . This was done to reproduce the slope of the mid-infrared emission at 10-30 µm wavelength, originating in the very inner disc regions, and is therefore not necessarily a good representation of the disc structure at larger scales as traced by the rotational 12 CO lines. Recent work of Meijer et al. (2008) shows that the SED is almost insensitive to the disc outer radius, and this explains the almost systematic underestimate of disc outer radii in Dominik et al. (2003) .
In the sources HD 135344 and HD 100546, with assumed radii of 800 and 400 AU respectively, the line emission is overestimated. A disc model with an outer radius closer to the Pontoppidan et al. (2008) observed 210 AU (Doucet et al. 2006 ) may provide a better fit to the 12 CO J=3-2 line from HD 135344. In the model of HD 100546 surface density exponent steeper than the assumed p=0, may provide a better fit to the observed 12 CO line spectrum.
In the case of AB Aur, the relatively large assumed inclination of 65
• is used to account for the relatively low near-infrared excess emission . This choice of inclination is reflected in the larger FWHM of the modelled 12 CO line than observed. However, the millimeter interferometry observations (Piétu et al. 2005) indicate the inclination of 33
• , an outer radius of 1050 AU and an inner radius close to 50 AU. In sources like AB Aur, exhibiting a low near-infrared excess, it is thus essential to establish whether the apparent lack of near-infrared emission is due to a lack of material in the innermost disc regions (presence of an inner hole) or due to the large disc inclination. As seen in this example, the 12 CO spectral line profile, as a diagnostic of disc inclination, provides a way to discern between these two scenarios, even in case of spatially unresolved, single dish observations. Meijer et al. (2008) Fig. 2) show the strong dependence of the overall shape of the disc SED on the inclination, that stresses the necessity for reliable estimates of inclination.
Modelling and analysis of the 12 CO J=3-2 spectra
In the previous section we have shown that the disc models based on the SED emission alone fail to simultaneously reproduce the observed spectral lines of CO. It is very useful to design a simple way to estimate the disc size and inclination from the observed 12 CO spectra, providing valuable input for the SED modelling from the observational data already available for most gas-rich discs. In the current literature, the estimates of size and inclination are done predominantly through spectral line fitting with a large number of free model parameters. Here, we take a simpler approach.
The low-J 12 CO line emission is expected and often found to be optically thick in circumstellar discs. Therefore it traces a warm layer of gas above the disc midplane (van Zadelhoff et al. 2001 ; Dartois et al. 2003) and is relatively insensitive to the total disc mass. The emission is dominated by the disc material at scales of 100 AU from the star. For a known stellar mass, the shape of the line is sensitive to both disc size and inclination. In our approach, we focus on the parameters to which the presumably optically thick 12 CO J=3-2 line is most sensitive, disc size, inclination and temperature, and make simple assumptions about the remaining parameters like the disc mass, inner radius, surface density exponent, and disc vertical temperature and density structure.
Power-law disc models
We develop a grid of simple parametric disc models to interpret the observed 12 CO J=3-2 line profiles. Our models use a power-law surface density and temperature distribution: Σ = Σ 100 (R/100 AU) −p and T = T 100 (R/100 AU) −q , and are comparable in the assumptions to those of Chiang & Goldreich (1997) . The 12 CO J=3-2 line is optically thick, with the optical depth τ ≥10 in our models. The line spectrum alone does not provide any insight into the vertical temperature structure of the disc. Thus we use a vertically isothermal disc structure and describe the line flux by an 'effective' temperature representing a cummulative effect of the disc temperature structure on the line emission at the given radius. This simplification is used in the analysis of the submillimetre 12 CO emission in discs around T Tauri and Herbig Ae stars throughout the literature Guilloteau & Dutrey 1998; Piétu et al. 2007 Piétu et al. , 2005 Isella et al. 2007 ). The vertical density structure is given by n(z) = n 0 exp (−z 2 /2h 2 ) where n 0 = Σ/ √ πh is the midplane density, and h = h 100 (R/100 AU) is the scale height. The model parameters are listed in Table 4 along with the corresponding values.
We explore a wide range of disc sizes, with R out from 50 to 800 AU, and the full range of inclinations with respect to the line of sight (0
• corresponding to face-on orientation). These are the two parameters in the focus of our analysis. The parameters determining disc density structure (p, M disc ) are held fixed, with values close to those observationaly derived in the literature for discs in general (Beckwith et al. 1990; Mannings & Sargent 1997) . The disc mass is set to 0.01 M . While the opti- cally thick low-J 12 CO lines are not very sensitive to the radial density distribution, their fluxes depend stongly on the temperature. We have two sets of calculations, one setting the temperature at 100 AU to T 100 =30 K and the other for T 100 =60 K. We adopt the slope q=0.5 for the temperature radial dependence, as found to describe the 12 CO emission well in a number of sources Piétu et al. 2007) . In a more realistic modelling, T 100 could be anywhere in this approximate range, depending on the exact spectral type, disc geometry, dust settling and other properties of each source. Below we argue that T 100 =60 K, close to the values derived in the parametric modelling of the interferometric observations of the 12 CO J=2-1 line in AB Aur and MWC 480 (Piétu et al. 2007 (Piétu et al. , 2005 , provides a better fit to the disc size for several objects where we have independent measurements of the outer radius, and describes the observed line spectra from Dent et al. (2005) well.
The velocity field is given by Keplerian rotation around a central star with a mass of M star =2.0 M . The line width depends on √ M star , therefore the adopted value describes well our sample of sources (Table 1) given the spectral resolution of the data. Turbulent line broadening is included, with the equivalent line width of 0.16 km s −1 . Its influence on the results of our simple analysis is negligible. The calculations of the synthetic spectra are done using RATRAN. The 12 CO abundance is set to a constant value of 10 −4 throughout the disc. Dust is included in the radiative transfer calculation of the 12 CO J=3-2 line, adopting a gas-to-dust mass ratio of 100:1 and with a dust submillimetre emissivity of 2 cm 2 g −1 . All calculations were done with an adopted distance of 140 pc. We will later scale the observations to the same distance. The calculated spectra were convolved with the 14 beam of the JCMT and the contribution of the dust continuum to the integrated line intensity was subtracted. We compare the calculated FWHM and ∫ IdV with the observed FWHM and ∫ IdV × (d/140 pc) 2 , where d is the actual distance of the source.
Model results
The results from our grid of models with T 100 = 60 K are presented in Fig. 3(a) , where the line integrated intensity is plotted against the FWHM. The full lines connect varying inclinations at constant radius, while the dotted and dashed lines connect model results at varying radii for a fixed inclination. The two parameters, disc size and inclination, are non-degenerate at inclinations 0
• -45
• . In this range, the FWHM grows with the inclination, and the integrated line intensity with the size of the disc. For a fixed R out , at inclinations larger than 60
• the line integrated intensity drops sharply, at an almost constant FWHM in larger discs towards the results corresponding to a smaller disc with a slightly lower inclination. At very high inclinations, the emission in the line wings is relatively unaffected by the exact value of the inclination. However, the line emission between the two peaks in the spectrum that dominates the line intensity at i<45
• decreases as the inclination increases beyond this value. This is because the contribution from the warm disc layers is gradually absorbed by the superposed outermost disc regions of low temperature that begin to dominate the line emission as the inclination increases from 45
• to 90
• . Therefore, at high inclinations the parameters i and R out become degenerate, and the spectra cannot be fitted by a single model in the region to the right of the i=45
• curve in Fig. 3(a) . For comparison, the observed FWHM and
2 values are plotted in Fig. 3 (triangles) for 21 Herbig Ae/Be discs from Dent et al. (2005) and our source HD 100546. The integrated intensities are scaled to the 140 pc distance using the distances given in the same paper (except for HD 34282, where we adopt 160 pc as in van den Ancker et al. (1998) .All sources fall within the span of our model results, while several very weak sources appear to require a radius smaller than our smallest size of 50 AU. Our model results are roughly consistent with some of the known disc radii and inclinations (AB Aur, HD 169142, HD 163296), determined through millimetre interferometry. Table 3 lists the disc outer radii and inclinations derived from the SED modelling alongside the values we find from our parametric disc models. For some of the sources, sizes and inclinations measured directly via near-infrared and/or submillimetre imaging are also listed, for comparison. In the following section we discuss the implications of the model fit for each of our sources in detail.
Close to 75% of the sources, or 17 out of the 22 sources, from Dent et al. (2005) have integrated line intensity lower than 2 K km s −1 , when scaled to 140 pc distance. In terms of our modelling this translates to sizes smaller than 200 AU, a result consistent to the disc size estimates in Dent et al. (2005, their Table 2 ). The disc size is very sensitive to the assumed T 100 . However, while the optimal value of T 100 may vary from one source to another depending on the exact spectral type of the star and disc geometry, T 100 =60 K appears to represent our sample of the discs aroud Herbig AeBe stars well. In the light of this result, the sources with large outer radii like AB Aur, MWC480 and HD 163296, studied extensively with the sub-millimetre interferometers, have disc structures that O. Panić and M. R. Hogerheijde: Modelling the low-J 12 CO lines in Herbig Ae/Be discs 7
are not necessarily a good representation of the entire sample of discs around intermediate mass stars. The smaller discs, although observationally more challenging, may hold the clues to the processes that shape discs in the course of their evolution. Furthermore their small size, coupled with the illumination by an A-type star, provides a fair chance that the CO depletion is not significant, leading to a better gas mass estimate than can be done in discs around T Tauri stars. The structure of some of these discs, close to 200 AU in size, has already been studied (Chapillon et al. 2008; Panić et al. 2008) . Spatially resolved observations of more sources would also provide an answer to how many of these weaker sources are indeed small versus those that are perhaps larger but have lost a significant mass fraction of their gas or have cleared a large inner hole. Figure 3(b) shows the results for models with T 100 = 30 K. In comparison with the set of models with a higher temperature it is clear that the line strength, i.e., ∫ IdV decreases with temperature. In this sense, R out and T 100 are degenerate parameters. The models with T 100 = 30 K fail to describe the observed integrated line intensity and FWHM of a number of sources, mainly the ones with
The only way for this group of models to reproduce all observations would be to adopt very large disc sizes, e.g., R out ≈600 AU for HD 169142, and higher stellar masses, e.g., M star ≈5 M for HD 179218, both significantly larger than the values observed in some of our sources. Therefore, a higher temperature of T 100 ≈60 K appears to be a good choice for the sample.
Our parametric disc models are designed to reproduce the low-J 12 CO line emission, and therefore they provide a description of the disc structure at large scales, where most of this emission arises. These regions dominate the dust thermal continuum emission at long wavelengths (> 300 µm), but the large uncertainties in the dust (sub)millimetre emissivity that heavily affects the continuum flux do not allow to test the disc structure we derive against the observed SEDs. For an opportune choice of the dust emissivity within the wide range expected in discs (Draine 2006) , our disc models provide submillimetre SED slopes consistent with those observed.
Individual sources
Here, we compare the results of our model with T 100 =60 K to the SED modelling results and results from spatially resolved observations, where available. The comparison among the derived disc sizes and inclinations is shown in Table 3 . The precise estimate of these two parameters requires spatially resolved observations, therefore the estimates from single dish observations must be considered as rough indications rather than measurements.
HD 100546
The 12 CO 3-2 emission is well described by our model with R out =300 AU, not too different from the 400 AU used in the SED model. The difference in size can account for the factor of two overestimate of the observed line emission by the SED model.
Our inclination of 35
• is somewhat lower than the 51±3
• observed with NICMOS scattered light imaging (Augereau et al. 2001 ) and used by Dominik et al. (2003) in their modelling, but consistent with these values. Within the uncertainties involved in our model, our estimate of 300 AU is close to the 350-380 AU reported by Augereau et al. (2001) . Spatially resolved J and K band near-infrared observations using ADONIS instrument indicate an inclination of 50±5
• and a somewhat smaller size of 200 AU (Pantin et al. 2000) , that can be considered as a lower limit on the actual disc radius.
HD 179218
There are no direct measurements of the disc size and inclination in the literature. In Sect. 2.1 we mention that the 12 CO J=3-2 line perhaps does not arise from the disc but is dominated by optically thin gas at a very high temperature. If we assume that the emission does arise from the disc, we derive the disc radius of 200 AU and the inclination of 60
• . A larger disc size, up to 400 AU with an inclination of 75
• is also possible. Therefore we conclude that the disc extends much further than the radius of 30 AU used in the SED modelling.
AB Aur
Our estimate of R out >800 AU and i=10-20
• for AB Aur disc is reasonably close to the 1050±10 AU and 33±1
• derived by Piétu et al. (2005) from the spatially resolved observations of 12 CO 2-1 line in this disc. The overestimate of the inclination in the SED fit would be avoided if the inner hole, estimated by Piétu et al. (2005) to be 45±3 AU large in this disc, is included.
HD 163296
We obtain a size of 350 AU, roughly consistent to the observationally derived 540 AU in Isella et al. (2007) , via spatially resolved sub-millimetre observations. Our inclination of 40
• is consistent with the 46±4
• derived therein. The disc size of 50 AU used in the SED modelling is much smaller.
HD 169142
The disc size and inclination from SED modelling, our parametric models, and spatially resolved observations are all roughly close. In Raman et al. (2006) the disc around HD 169142 was studied with spatially resolved 12 CO 2-1 line emission, indicating a disc radius of 235 AU and inclination of 13
• . Panić et al. (2008) find that an SED model described in Dent et al. (2006) provides a good descripton to the 12 CO and isotopologue line emission. Dominik et al. (2003) use a somewhat smaller disc size of 100 AU, while an extension of their model to 200 AU and perhaps with a less steep density exponent p would probably be sufficient to reproduce the 12 CO line emission.
HD 139614
The SED modelling produces a weak and broad line, while a nearly face-on orientation is required to reproduce the observed narrow 3-2 line of 12 CO towards HD 139614 (Dent et al. 2005) . Our model fit results in R out =100 AU, consistent with 110 AU found by Dent et al. (2005) , while the SED model indicates a slightly smaller disc size of 50 AU. Although there are no direct imaging measurements of the size of the disc around HD 139614, the weak 12 CO lines would be very difficult to reproduce by a disc much larger than 100 AU unless the disc is colder, or has a very low gas (or CO) mass. The continuum flux of this source (Table 1) does not seem to indicate a very low disc mass (0.035 M ), however. ) show the results of the parametric disc models with T 100 =60 K and 30 K, respectively. The full black lines connect the results of models at a constant disc outer radius, the value of which is labeled. The dotted black and dashed blue lines connect the results for a constant inclination, also labeled. The triangles are the observed values, from Dent et al. (2005) and this work, with the observed integrated line intensities scaled as ∫ IdV × (d/140 pc) 2 . Some of the sources from Table 1 are labeled by number.
HD 142666
To reproduce the observed narrow 12 CO line, an outer radius much larger than the 10 AU assumed in the SED modelling is needed, as well as a much lower disc inclination. We obtain a 75 AU radius and a 5
• inclination for this disc. There are no direct measurements of these parameters for HD 142666 in the literature, however.
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HD 135344
Our derived disc size of 50 AU and an almost face-on orientation of 5
• are consistent with the 14±4
• derived from spectroastrometric imaging with CRIRES (Pontoppidan et al. 2008) , but in contradiction with the 210 AU outer radius and 46±5
• inclination observed using MIDI instrument (Doucet et al. 2006 ). The 1.3 mm continuum flux leads to a disc mass estimate of 0.01 M (Sect. 2.1). A model with this disc mass, a 210 AU radius and 46
• inclination would have a roughly three times stronger and wider 12 CO 3-2 line than observed. At 8±4 Myr, it is possible that this disc has lost significant amounts of its gas, but this does not explain the narrow line width. A presence of a considerably large inner hole, as indicated by the disc SED Brown et al. (2007) , would remove the contribution of rapidly rotating material from the inner disc regions in the line profile and allow a narrow 12 CO line to arise from a disc at 46±5
• inclination. If the process which caused the inner hole also helped to remove or dissociate most of CO gas in the outer disc regions while not affecting the dust (e.g., photoevaporation), we may have a weak and narrow 12 CO line profile from the disc described by 210 AU size and 46
• inclination as observed with MIDI.
Conclusions
In this paper, we analyse the low-J 12 CO spectral lines and the dependence of their profiles on disc parameters, in particular the size and inclination. We present simple parametric disc models and find that the low-J 12 CO spectral line profiles are a valuable indicator of disc inclination and size, even in spatially unresolved observations. We place our analysis in the context of the disc structure derived based on the SED modelling. We conclude that the "outside-in" disc modelling, i.e., starting from submillimetre 12 CO spectral line observations or direct imaging of the dust thermal or scattered light emission, followed by the overall SED fitting, is more straight-forward and provides more reliable results than the standard "inside-out" disc modelling where SED is fitted with no prior knowledge of disc size and inclination and subsequently the outer disc emission interpreted in the context of the SED fitting results. The "outside-in" modelling of the disc structure helps remove degeneracies between disc inner radius and inclination, and provides a better estimate of the disc mass. For this purpose, we have developed a simple tool to get a rough indication of disc size and inclination for discs around Herbig Ae/Be stars from the observed J=3-2 12 CO spectral line profiles.
We find that the great majority (75%) of observed discs around Herbig Ae/Be stars have sizes smaller than 200 AU, while discs much larger than 200 AU (e.g., AB Aur) are rare and not representative of the whole sample. We stress the importance of studying the gas content of the small discs, facilitated by the fact that they are typically warmer and allow us to minimise or even overcome the problem of CO depletion. Some of the weaker sources may be large and gas-poor discs, and it would be particularly interesting to spatially resolve these discs through millimetre continuum observations. If the weak sources are mainly the large and gas-poor discs this would strengthen the conclusions about disc structure already derived from observations of bright sources. If, on the other hand, the vast majority of the weak sources are confirmed to be gas-rich discs small in size in spatially resolved observations, these will present themselves as perfect targets for measuring gas masses and ultimately the gas-to-dust mass ratio. Due to the sufficiently strong millimetre fluxes, the existing submillimetre interferometers can be used to derive disc sizes and measure gas mass of 200 AU large gasrich discs. The high sensitivity and spatial resolution that ALMA will provide in the coming years will enable us to explore the weaker sources and the detailed structure of small discs.
